Ubiquitination is an essential post-translational regulatory process that can control protein stability, 30 localization, and activity. Ubiquitin is essential for eukaryotic life and is highly conserved, varying in 31 only 3 amino acid positions between yeast and humans. However, recent deep sequencing studies 32 in S. cerevisiae indicate that ubiquitin is highly tolerant to single amino acid mutations. To resolve 33 this paradox, we hypothesized that the set of tolerated substitutions would be reduced when the 34 cultures are not grown in rich media conditions and that chemically induced physiologic 35 perturbations might unmask constraints on the ubiquitin sequence. To test this hypothesis, a class 36 of first year UCSF graduate students employed a deep mutational scanning procedure to 37 determine the fitness landscape of a library of all possible single amino acid mutations of ubiquitin 38 in the presence of one of five small molecule perturbations: MG132, Dithiothreitol (DTT), 39 Hydroxyurea (HU), Caffeine, and DMSO. Our data reveal that the number of tolerated substitutions 40 is greatly reduced by DTT, HU, or Caffeine, and that these perturbations uncover "shared 41 sensitized positions" localized to areas around the hydrophobic patch and to the C-terminus. We 42 also show perturbation specific effects including the sensitization of His68 in HU and tolerance to 43 mutation at Lys63 in DTT. Taken together, our data suggest that chemical stress reduces buffering 44 effects in the ubiquitin proteasome system, revealing previously hidden fitness defects. By 45 expanding the set of chemical perturbations assayed, potentially by other classroom-based 46 experiences, we will be able to further address the apparent dichotomy between the extreme 47 sequence conservation and the experimentally observed mutational tolerance of ubiquitin. Finally, 48 this study demonstrates the realized potential of a project lab-based interdisciplinary graduate 49 curriculum. 50 2 51 52 126 single experiment using EMPIRIC with barcodes (EMPRIC-BC). We synthesized eighteen bp 127 random barcodes (N18 BCs), which were ligated upstream of the Illumina sequencing primer 128 binding site. The specific association of each unique N18 BC with a given mutant Ub allele was 129 then established through paired end sequencing of the Ub ORF and the N18 BC (Figure 1A) The 130 resulting lookup table of BCs and alleles was then employed in our competition experiments to 131 count alleles by directly sequencing the N18 BCs. In addition to simplifying the experiment, this 132 strategy enabled us to count the alleles with a short, single end sequencing run, substantially 133
INTRODUCTION
Protein homeostasis enables cells to engage in dynamic processes and respond to 55 fluctuating environmental conditions (Powers et al., 2009 ). Misregulation of proteostasis leads to 56 disease, including many cancers and neurodegenerative diseases (Balch et al., 2008; Lindquist 57 and Kelly, 2011). Protein degradation is an important aspect of this regulation. In eukaryotes ~80% 58 of the proteome is degraded by the highly conserved ubiquitin proteasome system (UPS) (Zolk et 59 al., 2006) . The high conservation of the UPS is epitomized by ubiquitin (Ub), a 76 amino acid 60 protein post-translational modification that is ligated to substrate amine groups, including on Ub 61 itself in poly-Ub linkages, via a three enzyme cascade (Finley et al., 2012) . 62 Perhaps due to its central role in regulation, the sequence of ubiquitin has been extremely 63 stable throughout evolution. Only three residues vary between yeast and human (96% sequence . Subsequent studies revealed that 83 many of the constraints on the Ub sequence are enforced directly by the E1-Ub interaction 84 (Roscoe and Bolon, 2014); however, the surprisingly high number of tolerant positions remained 85 unexplained. Previous EMPIRIC experiments on HSP90 suggested that reducing protein 86 expression could reveal fitness defects that are otherwise buffered (Jiang et al., 2013) . Similarly, 87 we hypothesized that a buffer might be removed by subjecting cells to chemical stresses. 88 Moreover, this chemical genetic approach might also allow us to relate specific residues to the 89 stress response induced by a specific chemical. 90 To address the paradox of the high sequence conservation and mutational tolerance of 91 ubiquitin, we posed the problem to the first year students in UCSF's iPQB (Integrative Program in 92 Quantitative Biology and CCB (Chemistry & Chemical Biology) graduate programs. The students 93 performed the bulk competition experiments, deep sequencing and data analysis as part of an 8-94 3 week long research class held in purpose-built Teaching Lab. In small teams of 4-5 students 95 working together for 3 afternoons each week, they each examined a chemical stressor: Caffeine, 96 which inhibits TOR and consequently the cell cycle (Reinke et al., 2006; Wanke et al., 2008) ; 97 Dithiothreitol (DTT), which reduces disulfides and induces the unfolded protein response (Frand 98 and Kaiser, 1998) and the ER associated decay (ERAD) pathway (Friedlander et al., 2000) ; 99 Hydroxyurea (HU), which causes pausing during DNA replication and induces DNA damage (Koc (Jensen et al., 1995; Rock et al., 1994) . We expected MG132 to desensitize the yeast 102 to deleterious mutations in Ub, as the inhibition acts on the final degradation of UPS substrates. 103 For the other three chemicals we expected that specific sites on Ub would become sensitized to 104 mutation. These sites could represent important Ub/protein binding interfaces that are required for 105 Ub to bind to adaptor proteins and ligation machinery required to respond to a specific stress. 106 Furthermore, we expected that Caffeine induced stress would be mediated through Lys48 linked 107 poly-Ub (cell cycle), DTT induced stress would be mediated through Lys11 linked poly-Ub (ERAD), 108 and HU induced stress would be mediated through Lys63 linked poly-Ub (DNA damage response). 109 Our data collectively show that stress reduces a general buffering effect and unmasks a 110 shared set of residues that become less tolerant to mutation. Additionally, we have identified a 111 small set of mutations that are specifically aggravated or alleviated by each chemical. We suggest 112 that expanding the set of environmental stresses might be able to explain the high sequence 
Determining the Ub Fitness Landscape in DMSO

149
To determine the differential fitness landscape of Ub under different chemical stresses, we 150 first conducted an EMPIRIC-BC experiment under 0.5% DMSO to serve as a control (Figure 2) . 151 The resulting fitness landscape is quite similar to the previously published dataset, which was 152 collected under no chemical stress (Roscoe et al., 2013) ( Figure 3A) . The lowest fitness scores 153 occurred at premature stop codons and residues that are critical to build Lys48 poly-Ub linkages 154 (Lys48, Ile44, Gly75, Gly76). As previously observed, much of the protein surface is tolerant to 155 mutation. Based on the average value of the stop codon substitutions, we set a minimum fitness 156 score of -0.5 ( Figure 3B) . Comparisons of biological replicates indicated that the data were To compare the responses to each perturbation, for each pairwise comparison we plotted 209 the fitness scores for each mutant as a scatter plot and calculated the residual to the identity line. 210 We compared the distribution of these residuals to the distribution of residuals calculated by the 211 DMSO self comparison ( Figure 5) . Caffeine, DTT and HU generally sensitize the protein to 212 mutation, which is evident in the enrichment of mutations with reduced fitness compared to 213 the DMSO self distribution. These newly sensitized mutations are largely shared between these 214 different chemical perturbations. 215 In contrast to the sensitizing effects of DTT, Caffeine, and HU, the proteasome inhibitor ii-iv, Figure 7C ). These residues are either: located adjacent to DMSO sensitive residues (e.g. 277 Leu73, which is in the C-terminal tail); residues with important biological functions that of Arg54 are well tolerated in all other conditions. However, in DTT mutations to negative residues 292 become deleterious while all other substitution remain tolerated. This suggests that Arg54 may 293 participate in a salt bridge during a protein-protein interaction that is involved in mediating the 294 cellular response to DTT. 295 We also uncovered newly tolerant positions, which are uniquely tolerant to each of the 296 perturbations ( Figure 7E) . These positions tend to be mildly sensitive to most mutations in DMSO, 297 suggesting that these residues are involved in biological pathways that are important for cellular 298 function, but not essential. When perturbed, these positions are mildly desensitized to mutation, 299 with little regard for mutant physiochemistry. The most striking example is at Lys63 in DTT. In all 300 other conditions any mutation of this residue is mildly deleterious. Because Lys63 linked poly-Ub 370 We also investigated specific signals outside of the shared sensitizing response ( Figure   371 8B). We identified outlier mutations by comparing the change in fitness scores of each of the 372 sensitizing perturbations (Figure 8 - These successes are notable because few students began the class with a background in both 439 areas. By creating a project lab environment that encouraged team based learning and teaching, 440 we enabled students to quickly acquire relevant skills within the context of an active research 441 project. The wide variety of stress responses that Ub mediates and the vast chemical space that 442 can be safely and economically addressed in a classroom make yeast and Ub ideal systems for 443 continuing these studies. It is our hope that other graduate programs can similarly offer project 444 based classes in their curriculums and we will make our reagents and pipeline available for use to 445 further that goal. Barcode Association PCR/Library/Sequencing: 479 To associate the N18BCs to a given Ub allele, we performed a paired end read on the Illumina 480 MiSeq. Because Ub is a small gene, we were able to read the entire ORF with a 260 bp read and 481 the associated N18BC with a 30 bp read. To prepare the library for sequencing, plasmid DNA was 482 extracted from e. coli using the Omega Bio-Tek mini-prep kit. A ~700 bp product was amplified with 483 primers containing the Illumina PE1 and PE2 primer sequences for 9 cycles to minimize PCR 484 recombination. These products were separated on agarose gel, and excised products were 485 purified by silica column. This library was prepared for sequencing on the Illumina MiSeq.
Specific Residues Connect Different Stresses to Ub Protein-Protein Interactions
487
Drug Concentration: 488 The concentration to reduce the growth rate of SUB328 (WT Ub) by 25% was determined by 489 monitoring the growth of cells by optical density measurements at 600nm over 8 hours. MG132 490 and DMSO did not affect SUB328 (WT Ub) growth rate at any tested concentration. Hydroxyurea 491 treatment induces a lag-phase followed by WT like growth.
493
EMPIRIC-BC 494 Transformation: 495 SUB328 strain was independently transformed three times with the barcoded Ub library. Two of 496 these transformations (LibA, LibB) were transformed with the LiAc method described previously 497 (Gietz and Woods, 2002) . The third library (LibC) was transformed using the hybrid 498 LiAc/electroporation protocol described previously (Benatuil et al., 2010) . Libraries were grown in 499 log phase for 48h @ 30*C in SRGal (synthetic, 1% raffinose, 1% galactose) + G418 and ampicillin 500 and then flash frozen in LN2 at late log phase and stored at -80*C as 1 mL aliquots. Rosetta predictions of ubiquitin stability changes upon point mutations: 708 We used Rosetta version number 55534 for all simulations. The Rosetta software can be 709 downloaded at www.rosettacommons.org. 710 Using the crystal structure of human ubiquitin (1UBQ) as input, we first introduced three mutations 711 to match the S. cerevisiae sequence using Rosetta fixed backbone design: 
